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Early in development, the vertebrate central nervous sys- 
tem is regionalized into forebrain, midbrain, hindbrain, and 
spinal cord, thereby establishing the fundamental units 
for later development and function. Understanding how 
these regions are established along the anteroposterior 
(AP) axis has been a problem that has engaged develop- 
mental biologists for over half a century. However, only 
recently has this problem begun to be understood in terms 
of the molecules that may be involved. Many of these an- 
swers are coming from studies with amphibian embryos, 
most recently from those of the frog Xenopus laevis, since 
these embryos offer the advantage that candidate factors 
can be tested by expressing them in early embryos or by 
adding them to explanted tissues in vitro. 
Three recent papers in Development report that basic 
fibroblast growth factor (bFGF) can influence AP neural 
pattern in Xenopus ectoderm. Members of the FGF family 
are best known for their roles in mesoderm induction in 
vertebrates (Slack, 1994) as well as in cell proliferation 
and tumorigenesis (MacArthur et al., 1995). These reports 
provide evidence that bFGF can influence AP neural pat- 
tern, and they suggest that FGFs may be the posterioriz- 
ing inducer proposed to exist in the two-signal models of 
Nieuwkoop (reviewed by Nieuwkoop and Albers, 1990) 
and Saxen and Toivonen (reviewed by Saxen, 1989). Be- 
fore these papers are discussed, however, a brief overview 
of neural induction and the role of FGFs in Xenopus devel- 
opment will be given. 
Neural induction 
The nervous system is induced in the dorsal ectoderm 
by signals from the dorsal mesoderm. Neural induction 
occurs during gastrulation, when the dorsal mesoderm 
involutes beneath the ectoderm (Figure 1). The first meso- 
derm to involute will give rise to the head mesoderm, 
at the anterior end of the AP axis. It is followed by the 
more posterior chordamesoderm (presumptive notochord), 
flanked by presumptive somitic mesoderm. AP pattern in 
the nervous system can be induced by both vertical sig- 
nals, which pass from the involuted dorsal mesoderm to 
the overlying ectoderm, and by planar signals, which pass 
within the continuous plane of tissue, across the meso- 
dermlectoderm boundary (reviewed by Doniach, 1993; 
Ruiz i Altaba, 1994). 
The Two-Signal Model 
In the 1950s Nieuwkoop (reviewed by Nieuwkoop and 
Albers, 1990) and Saxen and Toivonen (reviewed by 
Saxen, 1989) proposed two similar models for how AP 
neural pattern is induced. Known as two-step or two-signal 
models, they were developed to explain results from ex- 
periments with newt embryos (reviewed by Saxen, 1989; 
Doniach, 1993) and provide a useful framework for studies 
on induction of AP neural pattern in Xenopus and other 
vertebrates. These models propose that AP neural pattern 
is induced by the combined action of two signals produced 
by the dorsal mesoderm (Figure 2). The first signal, re- 
ferred to as the activator (by Nieuwkoop) or the neuralizing 
inducer (by Saxen and Toivonen), initiates neural develop- 
ment, inducing neural tissue of an anterior type (forebrain 
and midbrain). This inducer is proposed to be produced 
by both the head mesoderm and chordamesoderm. The 
second signal, the transformer (Nieuwkoop) or mesoder- 
malizing inducer (Saxen and Toivonen), converts the neu- 
ral tissue induced by the first signal into progressively 
more posterior types of neural tissue (hindbrain, spinal 
cord) with increasing concentration and is proposed to 
be produced in a gradient by the chordamesoderm. It is 
thought to require induced anterior neural tissue as a sub- 
strate, rather than being able to act directly as a neural 
inducer of uninduced ectoderm. These models were de- 
veloped to explain vertical induction, but are also consis- 
tent with planar induction (Doniach, 1993). 
Neural Inducing Molecules 
Three neural inducers, noggin, follistatin, and chordin, 
have recently been identified in Xenopus (Holley et al., 
1995; Slack, 1994). All are secreted proteins and are ex- 
pressed in the right place (dorsal mesoderm) and the right 
time (before and during gastrulation) to be the actual neu- 
ral inducers. These inducers are candidates for the first 
signal in the two-signal model (the activator or neuralizing 
inducer), because they induce anterior neural develop- 
ment exclusively. 
Historically, the hunt for neural inducers was con- 
founded by the fact that just about any culture condition 
would trigger neural development in isolated newt ecto- 
derm. This “autoneuralization” resulted in the develop- 
ment of anterior neural tissue types (Saxen, 1989). Fortu- 
nately, Xenopus ectoderm, or “animal cap” tissue, does 
not readily autoneuralize when isolated; it develops into 
epidermis. Xenopus ectoderm will, in fact, autoneuralize 
if dissociated for several hours starting during the blastula 
stage. This is now thought to occur because dissociation 
is likely to wash away bone morphogenetic protein 4 
(BMP4) (a member of the transforming growth factor 8 
[TGFP] superfamily), which was recently found to inhibit 
neural development and promote epidermal development 
(Holleyet al., 1995; Wilson and Hemmati-Brivanlou, 1995). 
The type of AP pattern in animal cap cells neuralized by 
dissociation has not been well characterized. However, 
inhibition of the BMP4 receptor with dominant negative 
forms of BMP4 or activin receptors causes anterior neural 
development in intact animal caps (Xu et al., 1995, and 
references therein). Follistatin and chordin appear to act 
by inhibiting BMP4 function. Remarkably, chordin is ho- 
mologous toshortenedgastrulafion (sog) from Drosophila, 
which antagonizes decapentaplegic (dpp), a homolog of 
6MP4 (Holley et al., 1995, and references therein). In flies, 
as in frogs, these molecules play a central role in establish- 
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Figure 1. Induction of Neural Development by Dorsal Mesoderm dur- 
ing Gastrulation 
Sagittal section of midgastrula embryo, indicating presumptive tis- 
sues. A, anterior; P, posterior. Dorsal is to the right, ventral to the left; 
vegetal pole is down. 
ing epidermis and neurectoderm territories. The mecha- 
nism of action of the other anterior inducer, noggin, is not 
yet understood. In sum, the first step in neural induction 
appears to be the inhibition of epidermal development, 
thereby triggering anterior neural development as the de- 
fault state. 
FGF and Neural Induction 
FGF family members are best known in development for 
their role as mesoderm inducers. FGFs can induce ventral 
and lateral mesoderm in animal cap ectoderm from blas- 
tula-stage embryos, and blocking FGF receptor (FGFR) 
function with a dominant negative form of the FGFR 
(dnFGFR) leads to deficiencies in ventral, lateral, and pos- 
terior mesoderm (reviewed by Slack, 1994). 
More recently, there have been hints that FGFs might be 
involved in neural induction and patterning (Slack, 1994). 
First, expression of the dnFGFR leads to severe reduc- 
tions in posterior neural (spinal) tissue, as well as subtle 
defects in the head. Though it is possible that the neural 
defects are due indirectly to deficiencies in the mesoderm, 
they could also be due to a direct requirement for FGF 
signaling in the ectoderm. Second, the expression pat- 
terns of FGFs and an FGFR are suggestive: in Xenopus, 
FGM (eFGF) and FGF3 (Xint2) are expressed in the poste- 
rior dorsal mesoderm during gastrulation, and they are 
also expressed in the neurula stages at the anterior end 
of the forebrain and at the midbrainlhindbrain junction. 
Furthermore, Xenopus FGFR2 is expressed in several re- 
gions of the developing nervous system (Friesel and 
Brown, 1992). Finally, Kengaku and Okamoto (1993) have 
shown that bFGF can induce neural tissue and neural crest 
cells in animal cap cells from gastrula stage embryos, with- 
out also inducing mesoderm; however, they did not deter- 
mine whether FGF was inducing any AP neural pattern, 
since regional neural markers were not tested. 
The three papers that will be discussed present evi- 
dence suggesting that FGFs are involved in AP neural 
patterning. Although some of the results are conflicting, 
and therefore preliminary, the strongest results suggest 
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Figure 2. The Two-Signal Model 
The hypothetical concentrations of both signals along the AP axis of 
the dorsal mesoderm (below the graph) and the type of neural tissue 
induced in the dorsal ectoderm by different amounts of the two signals 
(above the graph). 
that FGFs may act as the second signal in the two-signal 
model for induction of AP neural pattern. 
Is bFGF Alone a Neural Inducer? 
bFGFwas tested to see whether it could induce expression 
of any neural marker genes in uninduced animal caps from 
early gastrulae. This produced a bewildering disparity of 
results (Figure 3). Cox and Hemmati-Brivanlou (1995) 
found that bFGF alone could not induce expression of 
any neural markers. In contrast, Lamb and Harland (1995) 
found that bFGF could induce expression of only posterior 
neural markers (Krox-20 in the hindbrain and Hoxb-9 in 
the spinal cord). In the third paper, Kengaku and Okamoto 
(1995) found that bFGF induced expression of both ante- 
rior and posterior markers (XeNk-2 in the forebrain, En-2 
at the midbrainlhindbrain border, X/k/box-7 in the anterior 
spinal cord, and Hoxb-9, also called X//-/box-B). What is the 
reason for these differences? One possible explanation for 
the cases in which neural markers were expressed is that 
mesoderm might have been induced by bFGF, which in 
turn would have induced neural development. This did not 
appear to be the case, however, since mesoderm markers 
were not expressed in conjunction with the neural mark- 
ers. Another potential explanation is the degree to which 
the animal caps were dissociated before treatment with 
bFGF (for details see Figure 3). As mentioned earlier, pro- 
longed dissociation starting at the late blastula stage leads 
to neuralization of animal cap cells. It is plausible that brief 
or partial dissociation at the right stage in development 
could lead to a subthreshold neuralization that could be 
pushed to the threshold by bFGF. That such subtle differ- 
ences in experimental conditions might lead to such differ- 
ent results harks back to the nightmare of neuralizing con- 
ditions seen with newt ectoderm that once drove away 
most sensible embryologists. However, the possibility that 
bFGF could really be a neural inducer seems important 
enough to warrant further experiments to determine which 
results are most relevant to the in vivo situation. 
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Figure 3. bFGF Treatment of Animal Caps, 
Stages and Culture Condlhons Used by the 
Three Sets of Authors, and the Types of Neural 
Markers Expressed in Explants at the Tail Bud 
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bFGF as an Inducer of Posterior Neural Pattern 
Two groups tested the effects of bFGF on animal caps 
from early gastrulae that were also treated with the anterior 
neuralizing agents noggin (Lamb and Harland, 1995) or 
follistatin or with the dominant negative activin receptor 
(Cox and Hemmati-Brivanlou, 1995) (Figure 3). Without 
bFGF, these neuralized animal caps expressed only ante- 
rior neural markers (Otx-2 in forebrain and midbrain and 
En-2 at mid-/hindbrain border). In contrast, when bFGF 
was also added, both anterior and posterior neural mark- 
ers (Krox-20 and Ho&-9) were expressed. Thus, bFGF 
fulfills one of the main criteria for the second signal, 
namely, the ability to posteriorize anterior neural tissue. 
Besides being able to act on ectoderm from early gastru- 
lae, Cox and Hemmati-Brivanlou (1995) alsd found that 
bFGF could posteriorize ectoderm from older (early neu- 
rula-stage) embryos. By this stage, the ectoderm is nor- 
mally expressing the neural marker genes in the appro- 
priate regions along the AP axis. In particular, they found 
that bFGF induced expression of the hindbrain marker 
(Krox-20) in forebrain tissue and of the spinal cord marker 
(Hoxb-9) in hindbrain tissue. This effect mimicked the pos- 
teriorizing activity that they had found in posterior meso- 
derm when they made tissue recombinants from embryos 
at the same stage. Their findings are in agreement with 
previous data showing posteriorizing activity at this stage 
in newt embryos (Saxen, 1989). These new results are 
significant because they indicate that bFGF has the capac- 
ity to repattern the ectoderm after regional gene expres- 
sion has already begun in the neurectoderm. 
Does bFGF Concentration influence AP Pattern? 
The second signal in the two-signal model is proposed to 
act in a graded manner, with increasing concentrations 
specifying progressively more posterior neural pattern. 
Using bFGF alone, Kengaku and Okamoto (1995) found 
that, indeed, progressively more posterior markers along 
the AP axis were optimally induced by increasing bFGF 
doses. Bearing in mind the potential caveats discussed 
earlier, these results are significant because they indicate 
that there can be a dose-dependent effect on the type 
of AP pattern induced in response to bFGF. Lamb and 
Harland (1995) and Cox and Hemmati-Brivanlou (1995) 
also addressed this question by using animal caps that 
had been treated with anterior neuralizers in addition to 
bFGF. Neither group saw a dose effect of bFGF on AP 
neural pattern, although given the results of Kengaku and 
Okamoto (1995) this point needs to be examined further, 
using a wider range of doses and regional markers, before 
it can be conclusive. However, Lamb and Harland (1995) 
did observe that high bFGF concentration affected the 
organization of the animal cap explants. Those treated 
with lower bFGF concentrations remained round, and ex- 
pression of marker genes in them was diffuse and overlap- 
ping. In contrast, explants treated with the highest bFGF 
dose elongated into little sausages that looked like minia- 
ture AP axes: the anterior and posterior markers were 
expressed sharply at opposite ends, and the middle 
marker was expressed centrally. This finding argues that 
bFGF facilitates morphogenesis and patterning in some 
way. It also indicates that a single bFGF concentration, 
in combination with noggin, can simultaneously induce 
both anterior and posterior neural pattern. How could this 
come about? The AP polarity may reflect the dorsoventral 
bias that has been seen previously (Sive, 1993) which 
may be due to differences in Wnt or BMP4 expression (or 
both) that are now known to exist within the animal cap 
(Fainsod et al., 1994). It would be interesting to know 
whether such AP polarity would still form in animal caps 
from embryos in which this dorsoventral bias has been 
eliminated (either through dissociation or with ventralizing 
or dorsalizing treatments). 
Timing 
It has been proposed that timing has a role in the specifica- 
tion of AP pattern, both in terms of the amount of time the 
ectoderm spends in contact with an inducer and of the 
type of response (competence) the ectoderm is capable of 
at different times in development (Nieuwkoop and Albers, 
1990, and references therein). The ectoderm at the ante- 
rior end of the AP axis is the last to receive inducing sig- 
nals, since it is the furthest away from the dorsal meso- 
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derm at the beginning of gastrulation. Thus, it has less 
time to receive inducing signals before neural competence 
ends than does the presumptive posterior neurectoderm. 
Nieuwkoop and Albers (1990) have proposed that short 
exposures to posterior inducer lead to the induction of 
more anterior neural pattern than longer exposures, which 
lead to progressively more posterior neural pattern. In sup- 
port of this, Lamb and Harland (1995) found that ectoderm 
from progressively later stages in gastrulation shows a 
progressively more anterior response to bFGF. Kengaku 
and Okamoto (1995) also addressed this issue, but used 
a more limited range of stages and lower bFGF concentra- 
tions, and so their results do not seem definitive yet. Both 
groups treated ectoderm continuously from the initial time 
of exposure, so they did not distinguish between the two 
parameters of the amount of time the ectoderm experi- 
enced bFGF and the age of the ectoderm when it was first 
exposed to bFGF. Although the two parameters are not 
completely separable, it would be interesting to see 
whether the anterior response with later stages was due 
to the length of exposure to FGF or to the stage at which 
the ectoderm was treated, using incubations with bFGF 
of a defined length of time on ectoderm of different stages. 
It should be noted, however, that timing is not likely to be 
the major factor that specifies AP neural pattern, since 
early gastrula ectoderm is clearly able to give a full range 
of AP neural pattern in response to different inducers, as 
discussed earlier. 
FGF as the Second Signal 
In conclusion, the experiments described here indicate 
that members of the FGF family could act as posteriorizing 
factors during induction of AP neural pattern during normal 
development. The posteriorizing effect of bFGF appears 
to occur in the absence of mesoderm, indicating that it is 
due to the direct action of bFGF on the ectoderm. It is 
still uncertain whether bFGF requires partially neuralized 
ectoderm as a substrate or whether it can act alone. One 
of the features proposed for the second signal in the two- 
signal model is that different concentrations specify differ- 
ent levels of AP pattern. Whether bFGF behaves in this 
way needs to be investigated more thoroughly, since the 
results obtained from the different labs were not in 
agreement. On the other hand, it remains an open ques- 
tion as to whether AP pattern is actually specified by a 
gradient of inducer, as proposed by the two-signal model, 
or by some other mechanism. For example, it could be 
that there are two initial types of neural tissue induced, 
anterior (forebrain/midbrain), induced by the first signal, 
and posterior (spinal cord), induced by the second signal, 
and that subsequent interactions between these two re- 
gions might generate hindbrain and further subdivisions. 
Such secondary interactions could also involve FGFs, and 
so it is particularly striking that FGFs are expressed early 
at the anterior end of the forebrain and at the midbrain/ 
hindbrain border. There is evidence for an inductive center 
in the latter region (Alvarado-Mallart, 1993) and so FGFs 
may be inducers in this process. 
In addition to FGFs, other factors are likely to be involved 
in patterning the nervous system. For example, retinoic 
acid may be a component of the posteriorizing signal (Sive, 
1993). Furthermore, members of the Wnt and Hedgehog 
families of secreted factors are expressed in several re- 
gions in the developing nervous system. Indeed, recent 
experiments indicate that WnbA (McGrew et al., 1995) 
and Banded hedgehog (Lai et al., 1995)can alter AP neural 
pattern. Interactions between cells expressing these fac- 
tors may be important during later phases of AP pat- 
terning. There is precedence for interactions between 
FGFs and Wnts in other systems, such as in patterning 
the mesoderm (Sive, 1993) and also in tumorigenesis 
(MacArthur et al., 1995). Whether there is an essential role 
of FGFs in induction of AP neural pattern in vivo must 
now be determined. This can be tested by expressing the 
dominant negative FGFR in tissue recombinates to deter- 
mine the tissues in which FGF signaling is required. Al- 
though there will probably be additional molecules in- 
volved in this process, the present evidence points to FGFs 
as key components of the posteriorizing signal in the in- 
duction of AP neural pattern in vertebrates. 
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